We experimentally demonstrate the complete synchronization of a semiconductor laser to the injection of a chaotic oscillating optical signal that is generated by a similar semiconductor laser with external optical feedback. The synchronization is characterized by sensitive dependencies on frequency detuning and injection strength and a time lag that varies reversely with the variation of the delay time in the external optical feedback of the master laser. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1485127͔
Recently, optical injection has been enthusiastically studied as a means of realizing synchronization of chaotic oscillations in lasers, with possible applications in data communications. [1] [2] [3] [4] Although synchronization of chaos has also been investigated in electrical circuits and optoelectrical hybrid systems, 5 synchronization of chaotic oscillations in lasers differs from synchronization of chaos in electrical circuits in the aspect that it involves locking of optical carrier as well as synchronization of slower modulations of the amplitude and phase. This aspect of chaos synchronization in lasers makes it a complex issue. While there have been recent experiments 4 on chaos synchronization by optical injection, the connections between recent experiments and theoretical works [1] [2] [3] have not been clear. In this work, by careful design, we were able to set up an experiment and make a clear experimental observation of complete chaos synchronization. The observed synchronization is characterized by two main properties: ͑1͒ The time lag between the slave and the master laser outputs varies reversely when the delay time in the external optical feedback of the master laser is varied. When the time delay exceedsHere, the superscripts M and S denote master and slave lasers, respectively, ␥ c is the cavity decay rate, 0 is the master laser frequency, c is the longitudinal mode frequency of the cold laser cavity, ⍀ is the detuning frequency between the master and slave lasers, ⌫ is the confinement factor, ␣ is the linewidth enhancement factor, and g is the gain coefficient. The first equation describes the dynamics of a semiconductor laser subject to optical feedback with the feedback strength ext and the round trip time . The second equation describes the semiconductor laser with optical injection from another laser with the injection strength inj and the propagation time c . The carrier density within the cavity is further described by the following equation:
͑3͒
where J is the injection current density, e is the electronic charge, d is the active layer thickness, ␥ s is the carrier decay rate, 0 is the permitivity of the free space, and n is the effective refractive index of the semiconductor structure for the laser mode. One can easily find that an identical synchronization so- shown that this is a stable solution, i.e., an attracting solution, in certain parameter conditions. 2, 3 We call such a solution the complete synchronization state. Such a synchronization state is characterized with two properties: a time lag ⌻ d ϭ c Ϫ between the slave laser output and the master laser output and a sensitive dependence on the synchronization condition: inj ϭ ext and ⍀ϭ0.
To show a typical example of such dependence, we numerically calculate Eqs. ͑1͒-͑3͒ using parameter values matched to our experimental system. 6 We define a correlation function ϭMAX͕Cov(x M ,x S ;⌬)/ x M x S͖͉ ⌬ to measure the similarity between the master and slave laser output signals. Here,
, and x denotes the time average of x over a certain time interval T. The time lag T d can be explicitly defined in the above equation as the value of ⌬ where reaches the maximum. Figure 2 plots the correlation function as a function of the injection strength and the frequency detuning. shows the maximum value at inj ϭ ext and ⍀ϭ0. It rapidly decreases as inj or ⍀ deviate from the optimum condition.
The experimental system consists of two single-mode laser diodes coupled in the scheme shown in Fig. 1 . We use two similar single-mode distributed feedback laser diodes ͑NEL-NLK1555͒ driven with a low-noise high-precision injection current and temperature controller. At the injection current I b ϭ11.4 mA (Ϸ1.5 I th ), the laser wavelength is 1537.17 nm with a linewidth of about 4 MHz. The intensity variations of the laser outputs are detected by 6 GHz bandwidth photoreceivers ͑New Focus 1514LF͒ and observed on a digital oscilloscope ͑Tektronix TDS694C͒ with a 3 GHz bandwidth and a 10 Gps sampling rate as well as on a rf spectral analyzer ͑Advantest R3267͒ with an 8 GHz bandwidth. The light output from the right facet ͓high-reflection ͑HR͒ coated, reflection Ͼ95%͔ of the master laser is fed back to the left facet ͓antireflection ͑AR͒ coated, reflection Ͻ1%͔ of the master laser. The light output from the ARcoated facet of the master laser output is injected into the slave laser on the AR coated facet so that a strong injection can be achieved. For the master laser, the external optical feedback induces a variety of rich and complex dynamics as have been investigated in many previous works. 7 The effect of multiple reflections is completely avoided in the current experiment due to the unidirectional external ring configuration. It is noted that, even when the laser output is chaotic, the side-mode suppression ratios of both lasers are measured to be about 40 dB, which guarantees the single-mode operation of both lasers. Figure 3 shows a typical pair of synchronized chaotic time series and their corresponding spectra obtained with careful matching of the injection strength. The parameters of the master laser were set to be I b ϭ11.4 mA, P ext ϭ4 W, and ϭ3.3 ns. The injection power of the slave laser is carefully tuned to match the feedback power of the master laser, i.e., P inj Ϸ P ext . Meanwhile, the frequency detuning between the two lasers is matched to within 10 MHz by adjusting the injection current and temperature of the lasers. The broadening of the spectral peaks indicates chaotic variations of times series while the discrete peaks show beat frequencies corresponding to the external ring cavity. The maximum spectral peak is at 3.2 GHz. A good correspondence between the output wave forms of the two lasers can be recognized from both the time series and the spectra.
We experimentally investigate the dependence of the synchronization quality on injection parameters. Figure 4 shows the correlation function as a function of: ͑a͒ the injection strength and ͑b͒ the detuning frequency. We find sensitive dependencies of the correlation function on the frequency detuning and the injection strength. The frequency range for stable injection locking with a constant injection light power P inj ϭ4 W is measured to be Ϫ1.8 GHz Ͻ⍀/2ϽϪ0.35 GHz. We note that this stable injection locking range does not coincide with the frequency detuning range where good chaos synchronization performance is achieved.
The time lag ⌻ d between the slave and master laser outputs is calculated from two time series. By varying the delay time in the master laser external cavity, we experimentally measure the dependence of the time lag ⌻ d on the delay time . Figure 5 shows the variation of ⌻ d as a function of the delay time at P inj ϭ P ext . One easily sees the relationship Fig. 5 . When the delay time is longer than the propagation time, i.e., Ͼ c , ⌻ d becomes negative which means the slave laser output anticipates the master laser. 8 Such anticipation has been verified in our experiments and it is stressed that there was no difference between the lagged synchronization (⌻ d Ͼ0) and the anticipated synchronization (⌻ d Ͻ0) states in terms of parameter dependence and the relationship between the time lag and the delay time. We have observed similar properties such as Figs. 4 and 5 for both cases.
In conclusion, we have demonstrated the complete chaos synchronization states in a pair of laser diodes coupled by optical injection in a master-slave scheme. The synchronization is characterized by two main properties. ͑i͒ The time lag between the slave and the master laser outputs varies reversely with the variation of the delay time of the master laser external cavity. When the time delay exceeds the propagation time between the master and the slave laser, the time lag becomes negative and the slave laser anticipates the master laser. ͑ii͒ The synchronization performance shows a very sensitive dependence on the detuning frequency and the injection strength. Our experimental observations completely agree with the numerical calculations based on the laser rate equations. 
